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ABSTRACT:
This presentation will detail the development of a probabilistic loading model that includes the effects of the vertical
angle of attack and its use to estimate loading during tornadoes. The loading model is built using full-scale data from
the Wind Engineering Research Field Laboratory (WERFL) building at Texas Tech University. Extreme value
analysis is performed, separating the data depending on time-averaged values of the horizontal and the vertical angles
of attack. This analysis results in distribution parameters that depend on both angles of attack. The probabilistic model
is then used to estimate the loading during tornadoes using Monte Carlo (MC) simulations. The MC uses an actual
tornado record captured by an anemometer and Large Eddy Simulations (LES) of tornadoes in different terrains.
Tornado loading is generated with and without the vertical angle of attack to estimate its effects in loading. The
simulations are done for different building positions and orientations to the simulated tornadoes. In the end, the results
of multiple simulations are compared, and a factor to include the effects of the vertical angle of attack (Fv) in loading
during tornadoes is proposed.
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1. TORNADO LOADING, AN EXISTING PROBLEM
Tornadoes have caused significant damage for many years in the United States. In 2020 three
tornado events surpassed the one billion dollars of losses threshold (NOAA 2021). Given the
current demographic trends, tornado risk is expected to increase (Strader et al. 2017). Critical
infrastructure is unprepared to deal with tornadoes (Kuligowski et al. 2014), and design procedures
for tornadoes are needed (van de Lindt et al. 2012). Despite the multiple unknowns, progress has
been made. The ASCE 7-16 commentary includes design procedures for tornadoes, and ASCE 722 is likely to include a Chapter dedicated to tornado loading (ASCE 2017). However, tornado
loading remains an open question, and current research is proposing ways of dealing with it (Kopp
and Wu 2020; Roueche et al. 2020).
1.1.The vertical angle of attack in tornadoes and building loads
Other than the extreme wind speeds during tornadoes, an essential difference between them and
atmospheric boundary layer winds is their high vertical angle of attack correlated with high wind
speeds (Lombardo 2017). The high values of the vertical angle of attack are important because
there is full-scale evidence that peak suctions beneath conical vortices are correlated with high
values of the vertical angle of attack (Wu 2000). Kopp and Wu used a loading model that included
the vertical angle of attack (Wu and Kopp 2016) and developed a new framework that proposes
that tornado loads can be estimated by handling the aerodynamic loads and the static load effects
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separately (Kopp and Wu 2020). In line with this framework, the current work focuses on the
aerodynamic difference caused by the vertical component of the wind.
This presentation will detail the development of a probabilistic loading model based on extreme
pressures accounting for horizontal and vertical angles of attack. The model will be used to
estimate loading during tornadoes, and a factor (Fv) to account for the effects of the vertical angle
of attack during tornadoes will be proposed.
2. PROBABILISTIC LOADING MODEL DEVELOPMENT
The loading model was developed using full-scale data from the Wind Engineering Research Field
Laboratory (WERFL) at Texas Tech University (Levitan et al. 1990; Smith et al. 2018). A total of
144 15-min stationary records were used. First, the pressure coefficients are normalized by the
wind speed recorded at a sonic anemometer located at 30ft height at the geometric center of the
building. The wind speed is averaged using an averaging time calculated using Eq. 1. Eq. 1 is
derived from the finding that 5H is the smallest length scale of turbulence for which the pressure
fluctuations can be explained by the quasi-steady theory (Wu and Kopp 2018).
𝑊𝑆

( ) (𝑡)

(1)

× 𝑇(𝑡) = 5 × 𝐻

In Eq. 1 𝑊𝑆 ( ) (𝑡) is the time-averaged wind speed using the moving averaging time 𝑇(𝑡) at a
time 𝑡, and 𝐻 is the height of the building. The resulting pressure coefficients are declustered to
guarantee independence between the peaks (Duthinh et al. 2017). The process to generate the
loading model is similar to Guo et al. but using full-scale data (Guo et al. 2019). The extreme value
analysis was performed by fixing the percentile threshold for peaks to be considered and their
number. In this case, the number of peaks used is 35 peaks exceeding the 95 th percentile value of
the declustered data. This selection resulted in dividing the data into segments of 2100 declustered
peaks sorted by their value of time-averaged horizontal angle of attack. Then, these segments were
divided into three pieces depending on their value of the time-averaged vertical angle of attack.
Gumbel parameters were obtained for all pieces of all segments for the 35 peaks of each. As a
result, the current model has Gumbel parameters that depend on both angles of attack.
3. ESTIMATION OF TORNADO LOADING AND PRELIMINARY CONCLUSIONS
A series of Monte Carlo (MC) simulations were performed using the loading model developed and
a full-scale tornado record (Lombardo 2017). The simulations included different building
orientations, and tornado loading was generated with and without the vertical angle of attack to
estimate its effects in loading. A vertical angle of attack factor (Fv) was calculated by dividing the
maximum tornado load with the vertical angle of attack by the one without it. Figure 1 shows the
median Fv factor for a corner tap for each building orientation. An Fv greater than 1 means the
loading is increasing by including the effects of the vertical angle of attack.
Future work includes MC simulations using Large Eddy Simulations (LES) of tornadoes in
different terrains. The simulations will vary the orientation and position of the building with
respect to the tornado center. The current model is developed for single pressure taps, but future
work includes the development of an area-averaged loading model and its corresponding analysis.
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Figure 1. Median Fv resulting from MC simulations using full-scale tornado record for a corner pressure tap.
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